
• J /

JGR-Oceans: draft: 4-4-2001

The Detection of Change in the Arctic Using Satellite and Buoy Data

J. C. Comiso

Laboratory for Hydrospheric Processes, NASAJGSFC, Greenbelt, MD 20771

J. Yang, S. Honjo, and R. Krishfield

Woods Hole Oceanographic Institution, Woods Hole, MA

ABSTRACT

The decade of the 1990s is the warmest decade of the last century while the year 1998 is the

warmest year ever observed by modem techniques with 9 out of 12 months of the year being the

warmest month. Since the Arctic is expected to provide early signals of a possible warming

scenario, detailed examination of changes in the Arctic environment is important. In this study,

we examined available satellite ice cover and surface temperature data, wind and pressure data,

and ocean hydrographic data to gain insights into the warming phenomenon. The areas of open

water in both western and eastern regions of the Arctic were found to follow a cyclical pattern

with approximately decadal period but with a lag of about 3 years between the two regions. The

pattern was interrupted by unusually large anomalies in open water area in the western region in

1993 and 1998 and in the eastern region in 1995. The big 1998 open water anomaly occurred at

the same time when a large surface temperature anomaly was also occurring in the area and

adjacent regions. The infrared temperature data show for the first time the complete spatial

scope of the warming anomalies and it is apparent that despite the magnitude of the 1998

anomaly, it is basically confined to North America and the Western Arctic. The large increases
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in openwaterareasin theWesternSectorfrom 1996through1998wereobservedto be

coherentwith changingwind directionswhichwaspredominantlycyclonic in 1996andanti-

cyclonic in 1997and 1998. Detailedhydrographymeasurementsup to 500m depthover the

samegeneralareain April 1966andApril 1997alsoindicatesignificantfresheningandwarming

in theupperpartof themixed layersuggestingincreasesin icemelt. Continuousocean

temperatureandsalinity datafrom oceanbuoysconfirm thisresultandshowsignificant seasonal

changesfrom 1996to 1998,at depthsof 8m,45m,and75m.Longdatarecordsof temperature

andhydrographywerealsoexaminedandthepotentialimpactof a warming,freshening,andthe

presenceof abnormallylargeopenoceanareason thestateof theArctic climatesystemare

discussed.

1. Introduction

One of the key issues associated with climate change is the role of the Arctic in a

warming scenario. Studies based on meteorological station data have indicated that global

temperatures have been increasing at the rate of 0.5 °C per century with increases at a relatively

high rate in the last 5 years [Jones et al., 1999]. During the last 20 years, the Arctic sea ice

cover, as inferred from satellite data, have also been reported to be on the decline at a rate of

about 3% per decade [Bjorgo et al., 1997; Parkinson et al., 1999], while submarine studies of the

Arctic have also indicated a warming ocean and a thinning ice cover [Morison et al., 1998;

Rothrock et al., 1999; Waddams and Davis, 2001].

Because of feedback effects associated with the high albedo of ice and snow, compared

to that of open ocean, a climate signal is expected to be amplified in the Arctic [Budyco, 1966;

Manabe et al., 1992]. However, the energy exchanges between the ocean, ice, and atmosphere in



3

theArctic arepoorlyunderstoodbecauseof limited surfacemeasurementsdueto thegeneral

inaccessibilityof theregion.Themagnitudeandimpactof theseexchanges,at leastin thecentral

Arctic region,werepreviouslybelievedto beminorcomparedto thosethat occurnearthe

marginalicezones.Recentstudies,however,indicatethatwhile themarginalicezonesare

indeedregionsof intenseactivities,the innerzonescoveredmainlyby consolidatedice arealso

sitesof significantoceanographic,atmospheric,andbiological activities[Aagardet al., 1995,

Carmacket al., 1995,Morisonet al., 1998].Thesignificantroleof stormsin causingprofound

changesin thevertical structureof iceupperlayersof theoceanhasalsobeenreported[Yanget

al., 2001].

In theArctic, two generaltypesof watermasseshavebeenidentifiedto bedominant:one

is thewarm andsalineAtlantic typegenerallylocatedin theeasternside,while theother is the

cold andfreshPacifictype,generallyin thewesternside.Therearealsotwo dominanttypesof

seaice cover,namely,seasonalandperennialice,eachof whichhasdifferent impacton the

oceanandtheatmosphere.In thispaper,satellitedataareanalyzedin conjunctionwith buoy and

otherdatasetsto gain insightsinto thesynergybetweenthegeophysicalvariablesand

understandtheapparentlychangingstateof theArctic, especiallytheArctic Oceanandit's sea

icecover.TheentireArctic regionis studiedusingsatellitepassivemicrowaveandinfrareddata.

Somedetailedstudyis donein thewesternregionwheretheprimarybuoysarelocatedand

wherelargeanomalieswereobserved.Thestrategyis to quantifyconcurrentchangesin surface

temperature,iceconcentration,andoceanparametersandassesstherelativesensitivityof these

variableto achangingclimatesystem.

2.1 Satellite and Buoy Observations



2.1 Multisensor Satellite Data
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Satellite data have previously been used in many Arctic investigations [Comiso, 1990;

Gloersen et al., 1992; Kwok et al., 1996; Parkinson et al., 1999]. In this study, we use primarily

passive microwave and infrared satellite data because they are the only data sets with long

enough record length to provide meaningful interannual variability and trend studies. Satellite

passive microwave data provide synoptic coverage of the Arctic surface under day/night and

practically all weather conditions. Multichannel brightness temperature data from the Nimbus-7

SMMR and DMSP SSMI have been gridded to a polar stereographic format with a resolution of

25 km by NSIDC. These data are in turn converted to ice concentration maps, using the

Bootstrap sea ice algorithm [Comiso et. al., 1997], which provide consistently derived history of

the sea ice cover distributions from 1978 to the present. The satellite swath width is about 1600

km and the orbital period is about 110 minutes to enable revisits at most areas in the polar region

of as often as 6 times each day. However, only dally averaged data have been archived and this

study uses mainly monthly and yearly averages.

Data from the NOAA Advanced Very High Resolution Radiometer (AVHRR) are the

primary source of satellite infrared and visible data. At a resolution of 1 km, this sensor provides

spatial details that are not possible to obtain from the SSM/I sensor. Also, the visible channel

provides information about albedo, and hence the state of the snow cover and the relative

abundance of meltponding, while the infrared data provide spatially detailed surface temperature

information. However, surface data are available only during cloud free conditions and only

during daylight for the visible channels. In this study, we used the GAC data, which have been

subsampled at a coarser resolution, because it is the only longterm and continuous data set



available. Theprimaryparameterderivedfrom theGAC data usingtechniquesdiscussedin

Steffenet al. [1992], Comiso [1974], and Comiso[2000] is monthly surface temperature. For

convenience in the comparative analysis, the GAC data have been mapped to a polar

stereographic grid similar to that used for the SSM/I data but with a resolution of 6.25 km by

6.25 km.
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Validations of our interpretation of passive microwave and infrared data have been done

through the use of high resolution satellite and aircraft data, including the Synthetic Aperture

Radar (SAR) and/or Landsat data (e.g., Comiso and Kwok, 1996) and ship and station data.

SAR and Landsat provide complementary information in that SAR operates at a long wavelength

and provides surface and subsurface information while Landsat, which is a visible sensor,

provides surface information. The retrieved ice concentration products from passive microwave

have errors of about 5 to 15% depending on surface condition and season while the surface

temperatures derived from AVHRR have errors estimated at less than 3K.

2.2 Surface and Sub-surface Buoy Data

A complete description of the IOEB buoy and its capabilities is given by Honjo et al.

[1995] and K_riesfield et al. [1998]. The buoy provides a stable platform from which a consistent

and reliable time series of atmospheric, ice, and ocean data can be obtained at its location. The

data set is unique in that the buoys provide continuous monitoring of these variables while

satellite sensors provide near simultaneous observations of surface parameters that might

influence the ocean and ice conditions that are observed from the buoy system. Among the buoy

data of interest are atmospheric variables such as air temperatures, wind, and humidity, ice

variables such as snow and ice temperatures, and ocean variables such as temperatures,
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conductivity,andsigmat. TheADCPvectorsalsoprovideinformationaboutthedirectionof

currentsat differentdepths.

Thetrajectoriesof thetwo buoysusedprimarily for thisstudytogetherwith the

bathymetryof theArctic areshownin Figure la. Oneof them,which wecall IOEB, was

installedona4 m ice floe onApril 26,1992at 79.12N and 132.22W but dueto malfunction,the

buoydid not providegoodoceandatauntil April 27, 1996whenit wasrefurbished.Thesame

buoy wasrefurbishedagainonApril 1l, 1997,with slightmodificationon theoceansensor

system.Theotherbuoy,calledSHEBAIOEB, wasinstalledonSeptember30, 1997at 75.08N,

140.92Wandcollectedcontinuousdataup to 1998.

Temperatureandconductivitywatermeasurementswereacquiredby lOEB at depthsof

8, 43,75 m from April 1996to April 1997,andat 8,45, and76m from April 1997to January

1998.Hereafter,thethreedepthswill bereferredto as5,45, and75m. Datawereacquired

internallyonanhourlybasisbut afterApril 1997only telemetereddatawith frequenceyof 6.5

perdayareavailable.TheSHEBA lOEB buoyprovidedobservationsatdepthsof 65, 105,and

165m from October1997to October1998.

Temperatureandsalinitycalibrationswereperformedby themanufacturerof theSeaCats

beforeandaftereachdeployment.In theworstcasescenario,thedrift of thetemperaturesensor

waslessthan0.004°C/yearandsalinity lessthan0.02psu/year.Thecomputationof salinity

fromconductivitydependsondepth.However,nocorrectionto thesalinity is appliedsincethe

depthuncertaintydueto themooringtilt addsnegligiblesalinityerror in typical conditionsand

lessthan0.005psuatlargespeed.



In additionto thetime serieslOEB data,CTD profileswereobtainedduringbuoy

deploymentoperationsin April 1996(150m depth)andApril 1997(500m depth)usinga Sea-

Bird SBE-16profiler. Theprecisionof theseprofiles is betterthan0.005°C and0.01psu.

3. Seasonal and Interannual Variability in the Sea Ice Cover and Open Water Area

The Arctic sea ice cover goes through large seasonal and interannual variations every

year but changes were especially unusual in the Beaufort Sea from 1996 to 1998. A location

maps of the Arctic is shown in Figure lb, which is oriented slightly differently than that of

Figure la to be compatible with satellite maps. The images in Figure 2 are daily ice

concentration maps on October 12th for the three consecutive years. The images correspond to

the ice cover during the time of freeze-up and illustrate that at a time when the entire Arctic basin

is supposed to be almost totally frozen, as in Octorber 12, 1996, the extent of open water in the

region was still substantial in 1997 and even more expansive in 1998. The ice cover in 1996

represents the typical state of theArctic ice cover during this period as observed from satellite

data since 1973 [Parkinson et al., 1987; Gloersen et al., 1992]. The areal extent of the open water

region in the Chukchi Sea/Beaufort Sea region was about 3.0 x l05 km 2 in 1996, more than twice

as much at 7.0 x l05 km 2 in 1997, and about 9.7 x 1055 km 2 in1998. Such dramatic changes in

open water area are remarkable for a number of reasons. First, the open water area is in a region

that is usually covered by thick multiyear ice. A replacement of multiyear ice by the seasonal

first year ice would make the average thickness of ice in the region substantially less in 1998

than in 1997 and even much less in 1997 than in 1996. Moreover, the predominance of first year

ice makes the region vulnerable to ice breakup and the formation of open water in the subsequent

summer. Second, a much larger open water area than average (as in 1998) allows for the
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absorptionof larger amount of solar energy that would cause an increase in the temperature of

the mixed layer [Maykut and McPhee, 1995]. Such increase in temperature would in turn inhibit

the growth of ice in autumn and winter and accelerates the decay of ice in spring and summer.

The process could cause a positive feedback that would lead to thinning in the ice cover. If this

process continues, it would lead to the demise of the Arctic multiyear ice cover and cause

profound changes in the Arctic Ocean and its environment.

However, we now know that the open water area in the region in 1999 is not any larger

than that of 1998. We also know that 1999 is not as warm a year as 1998 (Jones, private

communication, 2000). It is thus important that effects of environmental factors in the region are

studied in detail. It is known that the Arctic sea ice cover is influenced by periodic changes in

atmospheric pressure [Mysak, 1999]. The Arctic ice cover is also not stationary but is very

dynamic and undergoes changes in circulation patterns from the dominant anti-cyclonic

(clockwise) circulation of the Arctic gyre to a cyclonic (counter-clockwise) circulation

[Proshutinsky and Johnson, 1997]. Thus, a large change in open water area in the Beaufort Sea

over a three-year period does not necessarily reflect a long term change in the ice patterns.

To illustrate the changing behavior of the Arctic sea ice cover on a longer term basis,

monthly ice concentration anomaly maps during September (i.e., at its minimum) for each year

from 1981 to 1998 are shown in Figure 3. The color coded images shows where the derived

average ice concentrations are anomalously low (redish color) and where they are anomalously

high (bluish) in any one year. Areas where the ice concentrations are anomalously very low

(dark red) are normally areas of open water during the summer. Changes in areal coverage of the

red (and purple) pixels from one year to another thus represent how open water area changes on
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a yearto yearbasis. Theicecoverduringsummerminimarepresentsthestateof theperennial

seaicecoverwhichconsistsmainlyof ice formedbeforethesummer.Theaveragethicknessof

theperennialice is about3 metersbut in heavilydeformedareas,theicecanbeasthick as20

meters[Wadhams, 1988]. The red (and purple) pixels are usually areas of high concentration

and where much of the multiyear ice in the peripherial regions are advected. During some years,

the perennial sea ice cover covers much of Beaufort Sea (e.g., 1983, 1985, 1988, 1991, 1992,

1994, and 1996) while in other years, large open water areas in the region are apparent, including

1990, 1993, 1997, 1998 and 1999. The spatial extent of the anomalies are fully depicted for each

year and it is interesting to note that most of the big negative anomalies (reds) occurred in the

1990s.

Quantitatively, the extent and actual areas of the ice cover in the Arctic have been

declining as reported previously [Bjorgo et al.,1997; Parkinson et al., 1999]. An updated version

of the trend analysis that includes 1978 through 1999 data is shown in Figure 4. The results also

complement published reports since the technique used for retrieving ice concentration is

different (i.e., the Bootstrap Algorithm as described by Comiso et al.[ 1997] was used). In Figure

4a, both the monthly ice extent and anomaly distributions are shown with the trend in the

anomaly being about -2.8% per decade. A similar set of plot is shown in Figure 4b but with

actual ice area anomalies and the trend is slightly higher at about -3%. The difference in trend

values can be viewed as the result in the apparent trend in ice concentration during the same

period (Figure 4c). Low values in average ice concentration during the summer period are

apparent in 1993, 1995, 1997, and 1998. This likely coincide with higher areal extent of

meltponding which can cause a bias in the derived ice concentration from passive microwave



10

data[ComisoandKwok, 1996]. Thus,decreasesin iceconcentrationmaybepartly theresult

of increasesin meltpondedareasduring thesummer. In additionto 1993,1995,1997,and 1998,

the iceextentandiceareawerealsolow in 1990and1991. Thepredominancein the numberof

low valuesin the 1990scomparedto the 1980sisconsistentwith thenegativetrends.

As theicemeltsandtheicecoverretreatsfrom theland/oceanboundaryduring the

summer,a large fraction of the Arctic Ocean becomes ice-free, as indicated previously, and is

directly exposed to the atmosphere. The areal extent of the open water and how it changes is of

interest because of its impact on the heat budget and mass balance of ice in the region. To

quantify the temporal changes in the open water extent as illustrated in Figures 2 and 3, the

Arctic region is divided into an Eastern and Western component, as indicated in Figure lb. The

Western Sector includes data from the Chukchi Sea, Beaufort Sea and the Canadian Archipelago

while the Eastern Sector includes data from the Siberian, Laptev, and Kara Seas. The strategy is

to be able to quantify separately the open water anomalies in the two sectors which show

different variability in Figure 3. The areal extent of open water derived from passive microwave

ice concentration data in the Western and Eastern Sectors are shown in Figure 5a and 5b,

respectively. A dotted line, drawn by hand, along the approximate maximum extent of open

water for each year, except when the maximum appears abnormal, shows an apparent periodicity

in the time series. The period of the cycle is approximately ten years but the Western Sector

appears to lag the Eastem Sector by about three years. This suggests the existence of a decadal

forcing mechanism that propagates around the Arctic. The plots also show surface temperature

plots derived from infrared satellite data that shows coherence with the open water areas, as will

be discussed in the next section.
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In theWesternSector,themaximumopenwaterarea,which occursduringlate

summer,usuallyfluctuatesfrom about0.8 x 10 6 km 2 to about 1.2 x 10 6 km 2 . The twenty year

record shows low values in 1983 and 1992 and relatively high values in 1987, 1989, and 1995. In

1993, however, instead of a low value for maximum extent, as would be expected in a normal

cycle, the extent was abnormally high at 1.5 x 10 6 km 2. Five years later in 1998, the value is

even more abnormal at 2.0 x 106 km 2. This suggests that although the open water areas usually

follows a certain cyclical pattern, the open water area can all of a sudden be very high in one

year. It also means that the anomaly is likely not caused by the same forcing that drives the

cyclic pattern.

In the Eastern sector, a periodic pattern is also apparent in the maximum extents of open

water with the maximum in the 1990s significantly higher than those in the 1980s. In the 1980s,

the values range from 1.4 x 10 6 km 2 to 1.8 X 10 6 km 2 while in the 1990s the normal range is from

1.1 x 106 km 2 to 2.3 x 10 6 km 2 with dips in 1986 and 1996. Following the pattern, 1995 was

supposed to be a year in which the summer open water area is low but it was instead a year when

a record extent of open water in the region (2.6 x 10 6 km 2 ) Was observed.

Except for abnormal years, the extent in open water thus follows an approximately

decadal periodic pattern. In the Western Sector, an abnormally large open water area was

observed in 1993 and an even larger one, the largest in the satellite record, was observed in 1998.

In the eastern sector, the extent of open water was substantially higher in the 1990s than in the

1980s. In this sector, however, 1995 stands out as having the largest open water area in the

region during the satellite era. It would be of interest to be able to identify the key environmental

factor that causes such an abnormal open water phenomenon.
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4. Seasonal and Interannual Variability in Surface Temperature

Satellite thermal infrared data currently provide the only synoptic and continuous

observation of Arctic surface temperature [Comiso, 1994; Comiso, 2000]. Monthly averaged

September temperature anomalies from 1981 through 1999 are shown in Figure 6. These images

are especially useful because they provide data not only over sea ice but also over adjacent land

and open ocean. Unusually warm areas are indicated by warm (red and purple) colors while

unusually cold areas are represented by cold (blue and green) colors. The maps indicate a

predominance of anomalously warm temperatures during the 1994 to 1999 period, especially in

locations where there are large open water areas during the summer. It should be noted, however,

that the anomalously warm areas extend into the land and open water areas indicating that

atmospheric warming is at least in part responsible in the observed retreat of the Arctic sea ice

cover. This is also a manifestation that the observed ice retreat (and thinning) is only a part of a

larger warming phenomenon in the region.

Anomalies on a month to month basis from June to October (except August which is not

included because it provide similar information as adjacent months) during the 1996 to 1998

period are shown in Figures 7. The images indicate that the retreat of the ice is not just a summer

phenomenon and that changes are also apparent during other periods. The June data indicate that

1996 was a relatively cold year in the Arctic compared to 1997 and 1998. The positive

anomalies are also higher in the Central Arctic, Beaufort Sea, and North America in 1998 than in

1997. The July data show that 1996 was again a relatively cold year in the Central Arctic

compared with 1997 and 1998. The September data shows even more negative anomalies than

in the previous months of 1996 while in Russia, there was a warming in 1997 and a cooling in
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Eurasiain 1998. In October,therewasacoolingin NorthAmericanin 1996and 1997 while

the cooling in Eurasia that started the previous month in 1998 continued. It should be pointed

out that it was also anomalously warm from June to September in North America in 1996. The

negative anomalies in Alaska and Western Arctic in September to October of 1996 were likely

responsible for early freeze-up and the relatively low open water in the region in October 12

(Figure 2). Conversely, the persistently warm anomalies in the Western Arctic from June to

October in 1998 likely caused the persistence of large open water area in the region during the

summer and early autumn of 1998.

Data of surface temperatures over sea ice, with sea ice concentrations greater than 80%,

are also plotted together with open water area in Figures 6. The plots show that the peak of the

open ocean area distribution lags that of the surface ice temperature peak by about two months.

The reason for this is that while peak temperatures are reached in July, the ice continuous to melt

until the temperature goes down below freezing temperatures in September. It is apparent that

the open water area in both Western and Eastern Sectors are correlated with surface temperature

most of the time. For example, when the open water areas were high in 1993 and 1998 in the

Western Sector, the average surface ice temperatures in the sector were also relatively high.

Similarly, the high open water area in 1995 in the Eastern Sector occurred at the same time as

when the average surface temperature was relatively high. It is logical to expect such a

relationship since ice grows or decays, depending on surface air temperature but there are

exceptions as indicated in the plots.

To quantify the strength of the relationship, yearly ice area is plotted versus yearly

surface temperature separately for the Western Sector and the Eastem Sector in Figure 8a and 8b,
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respectively.In theWesternSector,thecorrelationcoefficientis 0.61while regression

analysisshowsthatthe iceareadecreasesby 6.8+_.5.0x 104km2/Kwhile in theEasternSector,

thecorrelationcoefficientis only 0.18andtheregressionresultsshowiceareadecreaseof

5.9-2_8.4km2/K. Theresultsshowopenwaterareais bettercorrelatedwith surfacetemperaturein

theWesternRegionthanin theEasternRegion.Thereasonis likely thatof thedifferencesin the

environmentsincethe openwaterin theWesternRegionis confinedandsurroundedby landand

seaice while thatof theEasternRegionis moredirectlyexposedto anOcean(i.e., theAtlantic

Ocean)andwherethe influenceof the latteron thevariability of theopenwater is likely

significant. Thecorrelationcoefficientsarenot very highbecausetheinfluenceon the icecover

by factorsotherthansurfacetemperatureis significantasdiscussedin thefollowing section.

5. Changes in Wind Patterns and Atmospheric Pressure

Strong persistent wind during the spring and summer can lead to a significant

redistribution of the perennial ice cover consisting mainly of multiyear ice. Since the perennial

ice cover is much thicker than the seasonal ice cover and more likely to survive the summer, the

location of the perennial ice cover is important in terms of open ocean area distribution. Thus,

the open water area may be large at the Beaufort and Chukchi Seas during some years because

the perennial ice cover is advected to the east while it is not so large during other years because

of the dominance of multiyear ice in the region. The same phenomenon applies at other regions

like Laptev and Kara Seas. Strong winds can also lead to considerable ridging and compaction

and thereby affects the thickness distribution of the ice cover.

To test whether this phenomenon applies to the variability of open water areas from 1996
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to 1998,averageECMWF geostrophicwindsduring four months(June,July,September,and

October)aroundsummerandautumnareshownin Figure9. In Figure9, monthlywind vectors

areshowntogetherwith color codedmonthlyiceconcentrationsfor thesamemonth. Becauseof

constantlychangingwind values,monthlyaveragesareusedinsteadof hourly or dally values

sincetheformerprovidesabetterassessmentof theoverallimpactof thewind on aperiodic

basis. It is apparentfrom thesetof imagesin Figure9 thatwinddataindeedshowinterannual

changesthatmayexplainsomeof theobservedspatialdistributionof the icecover. In 1996,the

Arctic wind is predominantlycyclonicwith intensityandcenterlocationvarying from one

monthto another.During theyear,strongwesterlywind is apparentalongtheBeaufortSeafrom

Juneto August(notshown)changingto northerlyin Septemberandbackagainto westerlyin

October. In 1997,whenthereis moreopenwaterin theBeaufortSeathanin 1996,anti-cyclonic

patternis dominantin theArctic basinwith strongwind in opposite(easterly)direction in the

BeaufortSea. In 1998,thewind patternis similar to thatof 1997butaremorepersistentin one

directionandarerelativelystronger. It is interestingto notethatin July, similarcyclonic

patternsareapparentfor both 1996and1998nearthenorthpolebutneartheBeaufortSea,the

windsaregoingoppositeto eachother.

Figure9 indicatesthatthevariability of surfacewind wasamajorfactor for the

variability of sea-iceconcentrationandopen-waterarea.This is consistentwith previousstudies

which haveemphasizedtherole of wind-stressdrivenvariations.Seaice in Arctic Oceantends

to drift in adirectionroughlywith anangleof 5 to 18degreesto theright of thegeostrophic

wind (ThondikeandColony, 1982)andwith a somewhatsmallerangleto theright of thesurface

wind wind at 10meterheight. In a statedominatedby thecyclonic/westerlywind, asin the
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summerof 1996, sea ice was advected from the East Siberian Sea, Chukchi Sea and the central

Arctic toward Beaufort Sea, resulting in a build-up of sea ice in the region. Meanwhile, the

cyclonic wind can cause divergence of sea ice from the low MSL pressure center because the

Coriolis force makes ice to shift to the right side of wind direction. This divergence of multiyear

ice from the central Arctic toward the Canadian Basin may have also contributed to the observed

high sea-ice concentration and minimum open water in the Beaufort Sea in 1996. Alternatively,

anti-cyclonic/easterly wind advects thick multiyear ice from the western region to the eastern

region and divergence of sea ice from land-sea boundary toward the central Arctic Basin (due to

Coriolis effect) causing large open water areas to be formed in 1997 and 1998. The open-water

area in the western section was larger in 1998 than in 1997 partly because the easterly wind was

more persistent and generally stronger in 1998. The anticyclonic circulation advects not only sea

ice from the western to the eastern region but also transports warmer Bering Sea water to

Chukchi Sea where ice melts. The lower ice concentration in 1998 may also be due to the

accumulative effect from 1997. After a large openning in the previous summer, the Beaufort Sea

region was probably covered by thinner ice before the summer of 1998. This made melting in

the region more effective in the summer of 1998. So the combination of these several factors

made the open water in 1998 so abnormally extensive.

The changing wind patterns are basically the consequence of changing pressure patterns.

To illustrate interannual variability of pressure patterns, yearly anomalies of sea level pressures

in the Arctic derived from the ECMWF data are shown in Figure 10. In general, the data is

consistent with a decline in surface level pressure previously reported by Walsh et al. [1996].

Like the surface temperature anomalies, the large interannual variability is apparent from the
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pressureanomalies.However,theconnectionof theanomalypatternswith iceconcentration

andsurfacetemperaturedatais difficult to makeasin thepreviousdiscussionssincewind

directionscannotbe inferreddirectly from theanomalies.What is apparent,however,is that ice

wasmostexpansivein thesummer(seeFigure3) whentheanomaliesin pressurearepositive

aroundthesummerArctic iceedge(e.g., 1980,1985,1987,and 1996).Thesummericecover,

on theotherhand,tendedto be leastexpansivewhenthepressureanomaliesarenegativearound

theedges(e.g., 1989,1990,and 1993). Apparentexceptionsoccurredin 1995,1997,and 1998

whenfactorsotherthanpressuremayhavecontributedsignificantly to theanomaliesduring

theseyears.

Theatmosphericsurfacepressureandthesurfacewind in theArctic regionchange

profoundly ondecadaltimescalesthatthesurfacewind-drivenoceancirculationandice motion

canbe reversed.ProshutinskyandJohnson(1997)havefoundthat therearetwo climateregimes

in theArctic coupledatmosphere-ice-oceansystem,onewith ahigh atmosphericpressure,anti-

cyclonic circulationsof surfacewind, upperoceanlayerandseaice,andtheotherwith a low

pressurecenterandthereverseof atmosphere,oceanandicecirculations.Thetimescalefor

oscillation is about10to 15years.This alternationof highandlow sea-levelpressurein the

Arctic is evidentlyshownin Figure 10.Highpressureanomalyappearedto dominatein early

1980sandlate1990swhile thelow onewaspresentin mid-1980sandearly 1990s.The reversal

of thesurfacewind andoceaniccurrentfrom oneregimeto theotherundoubtedlyhavea major

impacton thedistributionof seaice.Theopenwaterareain theWesternSection,asshownin

Figure5, exhibitsa 10-yearcycle,aboutthesametimescaleof thetwo-regimeoscillation

discussedby ProshutinskyandJohnson(1997).Very interestingly,thetimeevolutionof theopen



18

waterarea,markedby thehand-drawndottedline in Figure5, is remarkablysimilar to the

indexof cyclonic/anti-cycloniccirculation [ProshutinskyandJohnson,1997;Johnsonet al.,

1999].

In general,theopenwaterareain thewesternsectionis greaterin a stateof anti-cyclonic

wind andoceancirculationwhenMSL pressurewasanomalouslyhigh in thecentralArctic or

over theBeaufortSea,suchasin thecaseof 1997and1998.As wediscussedearlier,theseaice

transportfrom thewesternto theeasternsectionincreaseswhenthewind is anti-cyclonic.

Meanwhile,theCoriolis effectalsoresultsin adivergenceof seaice from theland-seaboundary

whenthewind is anti-cyclonic.Thelargeropeningin thespringandearly summerseasonalso

createsa favorableconditionfor agreaterheatflux into theoceanicmixedlayerin thesummer.

This positivefeedbackhelpsacceleratethemeltingof seaice.Thesolarradiationincreasesdue

to lower albedoovertheopenwaterthanoverthe icesurface.Indeed,McPhee(1998)has

suggestedtheenhancedsolarheatflux wasanimportantfactorfor largeopeningin theBeaufort

Seain 1997.

In addition,theopeningalsoexposestheoceanicmixedlayerto thedirectatmospheric

forcing. In eventsof severestorms,astheoneoccurredin December1997in BeaufortSea,warm

thermoclinewaterwasmixedup to thesurfaceandcausedconsiderablemeltingof seaice there.

As we pointedoutearlier,theconditionsin 1993and1998in thewestemsectionwere

exceptional.Theareaof openwaterwaslargein thesetwo yearsdespitetheybeingin relative

low phasesin thedecadaloscillation.TheMSL pressureanomaliesin thesummersof 1993

and 1998wereverysimilar.TheMSL washigheroverGreenlandarea.Thehighpressure

extendedextendedeastwardKaraSeain 1993andevenfurther to LaptevSeain 1993.The high

MSL pressurealsoextendedwestwardto theeasternBeaufortSeain bothyears.The MSL
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pressurewaslower northof westernBeaufortSeaandChukchiSea.Thegradientof MSL

pressuregeneratedoffshorewinds in theBeaufortandChukchiSeasin 1998andin Chukchi

Seasin 1993.Theseresultedin enhancedsea-icetransportawayfrom theregionsandlower ice

coverandlargeropen-waterareasin 1993and 1998.In fact, thedistributionof sea-ice

concentrationanomalyin bothyears(Figure3) wasconsistentwith theMSL pressureanomaly

(Figure 10).The reasonfor thehighMSL pressureanomalydevelopedin 1993and 1998,in the

middleof low MSL pressurecycle,remainsunknown.But it seemsto suggestthattherearemore

thanonedominantmodein theMSL pressurevariability.

Figure5 indicatesthattheareaof openwaterin theeasternsectionalsoappearsto

oscillateatthesame10-yearcyclebut with a lagof aboutthreeyears.This is consistentwith

somepreviousstudieswhich showedaclockwisepropagationof sea-iceconcentrationanomaly

(e.g.,MysakandVenegas,1998).During thecyclonicphaseof theArctic circulation,seaice

drift is generallydirectedfrom theeasternto thewesternbasin(ProshutinskyandJohnson,

1997).This createsa divergenceof seaice in theeasternbasinandaconvergencein thewestern

basin.

6. Changes in the Arctic Ocean Observed from Buoy Data

Because of general inaccessibility, spatially and temporally detailed hydrographic

measurements in the Arctic Ocean are rare if not available. It is fortuitous that CTD

measurements up to 500 m were made in April 1996 and April 1997 at two adjacent locations,

while buoy hydrographic data at depths of 8, 45, and 75 m were made continuously during the

April 1996 through October 1998 period. Although the measurements were not taken at exactly

the same spot of the Arctic, the locations (see Figure 1a) are close enough that both should
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reflect characteristics of generally similar water masses in the region. Also, the bathymetries

are very similar at the two locations. The temperature and salinity profiles, shown in Figure 1 la,

show large changes in vertical structure from one year to the other. The temperature profile

shows a substantial shallowing of the pycnocline from 1996 to 1997 with the temperature

maximum of about -1.2°C changing by from-80 m to -50 m. The salinity profile also shows

similar change with the average salinity near the surface changing from 30.3 psu to 29.3 psu

reflecting significant freshening in the water column close to the surface. Such a change in the

characteristics of the Ocean would be profound if it is basin wide.

The difference of temperature and salinity profiles in 1996 and 1997 (Figure 1la) partly

reflects of the change of the water mass regime when the IOEB drifted westward from 1996 to

1997. The feature of shallower halocline and thermocline in 1997, especially the structure

of temperature maximum at the surface depth of 50m, is commonly found in the western

Beaufort Sea and in the Chukchi Sea where the Bering Strait inflow modifies the water-mass

structure considerably. The change of the surface wind and oceanic current may have also played

a role for the T and S changes. The cyclonic wind associated with the low MSL pressure in 1996

intensified the transport of warmer water from the Bering Sea inflow to the Beaufort Sea and

increased sea-ice melting there. In fact, the sea-ice thickness, inferred from IOEB observation of

ice temperature, shows clearly a substantial thinning of the ice floe on which the IOEB platform

was mounted (Figure 12b). This scenario of warm water advection and ice melting may have

contributed to the change from a cooler and saltier upper ocean in 1996 to a warmer and fresher

one in 1997.

T-S plots from the IOEB hydrographic data from 1996 through 1998 are shown on a
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month-to-monthbasisin Figure12, 13, and 14 for depths 8m, 45m, and 75m, respectively.

These plots are especially useful for examining seasonal variability and for gaining a better

interpretation of interannual changes such as that shown in Figure 11 a. It should be pointed out

that the buoy is anchored to an ice floe and it is the water column underneath this ice floe that is

constantly being sampled by the string of sensors. Since the drift of the ice floe is not

necessarily the same as that of the water mass underneath it, some of the changes in the

measurements may be associated with the buoy going over a different water mass regime. In

Figure 12, data points of potential temperature versus salinity from the entire 8m data set are

plotted. The observed values during each month are represented by red data points to provide

information about the variability within each month while the time series provides the means to

quantify monthly variability. The end points are also labeled A and B that are used as reference

data points in the discussion. A large part of the data set varies along a line between A and B

indicating linear relationship between potential temperature and salinity at this depth. There are

some data points deviating from this line which may be due to external forcing that causes

stirring of the mixed layer at the indicated salinity levels.

The line AB basically represents the relationship between the freezing temperature and

the salinity value. A large part of the data set varies along this line indicating that the water at

this depth was near the freezing temperature in much of this period. There are some data points

deviating from this line and they occurred mostly in the summer season (June to August in 1996,

and June to September in 1997). This simply indicates the oceanic mixed layer in the summer

season was warmed to above the freezing point due to enhanced solar radiation. The only

deviation that occurred in non-summer month was December 1997. The warming was due to a
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stronganddeep mixing with the thermocline water driven by a powerful storm (Yang et al.,

2001).

It is apparent that in May 1996, the data during the month are very well defined and

close to the highest salinity value. In June 1996, the values were much more variable becoming

less saline and warmer at first and then gets colder and more saline after that. In July, the values

were basically the same as the previous month but a slight warming is apparent that may reflect

the seasonal warming. In August, a slight cooling is observed but salinity is still at its highest

values. In September through December, the data points are very confined within the AB line

indicating a gradual freshening and a slight increase in temperature. The values are almost

constant thereafter from January through April 1997. In May, there is a slight increase in salinity

while in June, there is a substantial increase in temperature that again reflects seasonal warming.

In July and August, most of the data points are above the AB line indicating significant warming

of the water mass. In September, the data points are again mainly along AB and went through

considerable freshening and warming in October and November period. In December 1997, the

data points slides towards higher salinity along the line AB but at some time period, the values

are significantly above the line. It is apparent that the data points are more confined to a certain

location in 1996 than in 1997. This may be partly caused by different wind directions in 1996, as

indicated in the previous section, compared to 1997. In December 1997, the storm event

reported in Yang et al. (2001) is the primary reason for some of the abnormal data points.

The 45 m data in Figure 13, show that there is a lot more variability in the physical

properties of the ocean at this depth than at 8m. This greater variability is expected because of

the presence of the halocline and thermocline at this depth (see Figure 1la). The large vertical
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gradientsof temperatureandsalinityassociatedwith thehaloclineandthermoclinemakeT

andSmoresensitiveto externalforcing suchasverticalmixing. TheT-S diagramsareshown

with labelsof A, B, C, andD, whichareagainusedto describeredistributionof datapoints with

time. While a lot of pointsappearlinearandareconfinedalongAB or AC, therearemany

pointsthatdeviatesubstantiallyfrom theselinestowardstheendof 1997. Thesalinityand

temperaturewaswell definedin April 1996(notshownbut seeFigure 11). In May andJune,the

valuesaregenerallymoresalineandarealongthelineAB. In JulyandAugust,thevaluesare

coldestandaboutthemostsaline. Thenin SeptemberthroughNovember,thetemperatures

becamesiginificantly warmerwhilesalinitiesweregenerallylessthan31psu. In December,a

generalcoolingandfresheningensuedandthiseventcontinuedthroughFebruary1997. In

March throughJuly 1997,thedatapointsareconfinedalongAC, showingbasicallyslight

increasesin salinity andtemperature.In August,someof thedatapointsfollow atotally

differentpatternandconfinedbetweenC andB but from OctoberthroughDecember,thedata

pointseachdayvariedby quite a lot. Again,this laterperiodis associatedwith a stormin the

regionasreportedby Yanget al. [2001].

At 75m depth,theIOEB T-Sdataasdepictedin Figure 14,showmoredefined

characteristicsof thewatermassthanat 45m. In April 1996,thedatapointsduringthemonth

areconfinedto a smallcluster(notshownbut seeFigure11asreference).Thenfrom May to

June1996,therewassignificantwarmingaccompaniedby increasesin salinity thatwenton up

throughSeptember. Thevaluesfor temperatureandsalinity thenbecameverywell definedin

October1996throughJuly 1997. After that,thedataindicateincreasingtemperaturesandslight

fresheningup to November1997but in December1997,thedatashowhigh salinitybut very
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leastasdeepas75 m.

Thelatter indicatethateffect of the reported storm [Yang, 2001 ] was at

24

The IOEB data show generally a warmer and fresher water in 1997 than in 1996 near the

surface at 8 m, while at 45 m and 75 m, the water was warmer and more saline. These results are

consistent with the results from the more detailed CTDs in April 1996 and April 1997. The

fresher water near the surface is suggestive of more ice melting in 1997 compared to 1996. Note

that the salinity profiles for 1996 and 1997 crosses at about 40 m in Figure 1 la, which is the

approximate depth of one of the buoy measurements. The warmer water may be related to the

larger open water area in 1997 that likely caused an increase in the solar heating of the mixed

layer. IOEB ice depth data are compared in Figure 1 lb for 1996 and 1997, and it is apparent

that the ice thickness decreased substantially from one year to the other.

It should be pointed out that the IOEB buoy was mainly in deep water (>3000m) during

the study period but there were times when it went to a slightly shallower water (1000-2000m) as

as in July 1997. The water mass is usually sensitive to the presence of a shelf slope and some of

the changes observed during the period may be associated with such change in bathymetry.

Since the IOEB went to shallow waters in 1998, the ocean measurements from this sensor

are more difficult to interpret as part of the time series. For completeness, the results from the

SHEBA IOEB from October 1997 through September 1998 are shown in Figure 15. The only

data that can be compared directly with those of Figures 12-14 are those at 65 m depth. This

buoy was deployed at generally the same water mass region as that of lOEB but the

characteristics of the water may not be exactly the same and the measurements at 65 m depth

may not match those at 75 m for the other buoy especially near the pycnocline. The TS data for
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the 12monthperiodat 65m areshownin Figure 15a.Significantactivity occurredin January

throughMarch 1998but overall, thechangewastowardsamoresalineandcolderwater.

Comparingtheseplotswith thoseof Figure14(for 75m measurements),it is apparentthatthe

datapointsalongAB in Figure 16acorrespondto datapointsalongCD in Figure 14during the

periodof overlapin OctoberandNovember1997. A warmingepisodeoccurredat 75m (Figure

15)in December1997,but this eventwasnotobservedin the65m data(Figure 15a)until

Januaryto March 1998. It shouldbepointedout thatthebuoywentthroughsignificantchange

in bathymetryduring theseperiods(seeFigure la). Generally,thewaterwascoolerandslightly

moresalinein 1998than 1997(and 1996)at this depth.

To getan ideaabouttemporalchangesdeeperin theocean,T-S plotsata depthof 165m

aregeneratedfrom SHEBA IOEBdataandpresentedin Figure15b. FromOctober1997to

January1998,thedatapointsarebasicallyconfinedin thesamecluster. From Februarythrough

May, 1998,thewatermassapparentlybecamewarmerandmoresaline,with thedatapoints

migratingfrom locationA to locationC alongalmosta straightline. Again, at aboutFebruary,

thebuoywentthroughsignificantchangein bathymetry(Figure 1). FromJunethrough

September1998,thedatapointsarein adifferent clusterthatmight representadifferentwater

massregimeconfinedalongCB. During thisperiod,thewatermasswaswarmerandmore

salinethantheOctober1997data. It is, however,importantto notethat from October1997to

September1998,thebuoy hasbeenadvectedby hundredsof kilometers.

Thealbedooverseawateris knownto bemuchsmallerthanthatover the icesurface.

Solarradiationthroughopenwaterareasin thesummeris amajorsourceof heatfor theArctic

Oceanmixedlayer(Mykut andMcPhee,1992).Sotheair-seaheatis importantfor variability of
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thesea-iceconcentration.We speculatethatthewind forcing playsamoredirectrole in the

springandearlysummerby openningup theice.Theradiation-albedofeedbackprovidesan

additionalpositivefeedbackby warmingthemixedlayerandacceleratingice melting.

In 1996,for instance,the iceconcentrationwashighin BeaufortSeain all summermonthsdue

to thepresenceof cyclonic wind. While solarradiationinto theoceanwassuppressedduring

this year,anti-cyclonicwind openedup theiceandsetaveryfavorableconditionfor enhanced

solarradiationinto thewaterin 1997and 1998.

Heatflux associatedwith oceanicdynamics,suchasadvectionof warm waterand

verticalmixing is anotherfactorneededto beconsidered.TheBeaufortandChukchiSeasare

knownto bestronglyinfluencedbytheinflow of BeringSeawaterwhich is considerably

warmerthanthesurfacewater in theArctic.This warmerwaterwasevidentin temperature

profile shownin Figure 11a atthedepthof 40m.ThiswarmerBeringSeawater,sittingjust 30-

40mbelowthesurface,is a largereservoirof heatthatcanhaveprofoundimpacton theheat

contentin themixedlayer.

An examplefor thisoccurredin December1997whena strongstormforceda deep

mixing thatbroughtup this warm waterto thesurfaceandmeltedseaiceconsiderablyin the

vicinity of IOEB (Yang et al., 2001).It is alsointerestingto notethatthestrongalongshorewind

in theBeaufortSeain 1997and 1998mayhavealsoforcedupwellingalongthecoastwhich

couldbeaneffectivewayof bringingwarmwaterto thesurface.Thewind condition in 1996

wasnot favorablefor upwelling.

7. Long Term Trends in SurfaceAir Temperaturesand OceanHydrography

It wouldbeof interestto assesshow theobservedtrendsin temperatureandicecover,as
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well asoceanhydrographycompareswith trendsfrom muchlongertimeseriesdata. Using

stationdatawith recordlengthsof 100years(or more)in theArctic located>50 ° N, the monthly

anomalies are shown in Figure 16a. Linear regression of the data points yields positive trends in

surface air temperatures of about 0.08 °C per decade. This is significantly higher than that of

global averages but significantly lower than the 18-year record (0.38 °C per decade) from the

same stations. The corresponding 18 year satellite data over the entire sea ice cover yielded an

even higher positive trend of 0.44 °C per decade. The satellite data do not have the same

measurement accuracy as the station data. It should be pointed out, however, that long term

temperature data sets in the Central Arctic are basically non-existent and most of the stations

with temperature records of 100 years or more are but a few, located mainly in Europe, and

Northern Russia. Where there is station data, the satellite data compares very well with station

data. Figure 16a also show the 5-year running mean of the 100-year temperature record showing

significant fluctuation but consistency with the trend line. A power spectrum plot from a Fourier

analysis of the 5-year running mean is shown in Figure 16b and indicates peaks at about 11.8 and

8.6 years. These peaks are close to the l0 year periodicity observed from the open water

distribution as discussed earlier.

To gain additional insight about long term changes in the characteristics of the ocean in

the region, available ocean temperature and salinity data in the Beaufort Sea have been

assembled and are used to depict the recent trend in water mass properties at 5 depths (10, 40,

70, 1 l0 and 160 m). This was done through comparison with the Environmental Working Group

(EWG) optimally-interpolated hydrographic atlas of the Arctic Ocean. Synoptic air, ice and

ocean interactions may cause significant variations in hydrographic properties in the surface
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layerof theoceancausingshort-termbiasin individualhydrographicmeasurementsat any

discretetime.Consequently,only datasetsin whichthetime seriesof profileshadfrequent

measurementsmadefor severalmonthswereanalyzed.In theBeaufortSea,theseconsistof ice

campdatafrom ice islandT3 (1958and 1965-66),Arlis (1960-61)andAIDJEX (1975-76),and

buoydatafrom six SALARGOSs(between1985and 1993)andtwo IOEBs(1996-98). The

frequencyof theicecampmeasurementsis generallytwoperdayor less,while thebuoysobtain

datatentimesmorefrequently,whichmakesthelaterdatasetsmorestatisticallyrobust. In

addition,errorsassociatedwith therawmeasurementsimprovedfrom perhaps0.1 °C and0.03

pptbeforeAIDJEX, to + 0.03 °C and + 0.03 psu in salinity during AIDJEX, to stated accuracies

as good as 0.02 °C/yr and 0.001 S/m/month (psu) in the instrumentation of the buoys.

The ice camp and buoy observations are roughly bounded by latitude from 72 ° to 80 ° N and

30 ° to 170 ° W, but occupy different periods in time and space between I958 and 1998. To study

trends in the ocean variables, anomaly time series were created by removing seasonal variations

on a station-by-station basis using the spatially interpolated climatologies, called EWG, at the

corresponding grid point for either summer (June through November) or winter (December

through May) seasons. The EWG climatology is constructed from US and Russian data obtained

between 1948 and 1993 from drifting stations, icebreakers, and drifting buoys, and contains

average temperature and salinities for winter and summer seasons, with a horizontal resolution of

50 km, and vertical spacing of 10 m. While the atlas provides a long-term 3D estimate of

hydrographic properties, plots of the station distribution by decades clearly show that the greatest

spatial coverage in the Canada Basin was primarily from Russian data in the 1970s. The time

series of anomalies are then averaged by summer or winter producing 40 seasons of upper ocean



hydrographicanomalydeterminationsasshownin Figure17. The statisticalerrorsin the

seasonalmeansaregenerallylessthan0.1 °Cand0.25psu,exceptfor theearliestdataprior to

1970,which arenot included.
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Thehydrographicdatafrom five AIDJEX icecampsshowgoodconsistencywith the

EWG climatologyin 1975-76,displayingonly a fewtemperatureanomaliesgreaterthan0.1o and

a single salinity anomaly greater than 0.5 psu (all in the summer mixed layer). SALARGOS

buoy data between 1985 and 1989 also agree with the EWG climatology, except for elevated

temperatures in one, which are associated with high statistical error. After 1989, however,

significant freshening in the mixed layer and warming in the upper halocline are observed.

SALARGOS buoys indicate that the season-average salinity at 10 m is 0.5 to 0.6 psu less than

the EWG between 1990 and 1993. lOEB buoys follow the trend in 1996 and 1997, and detect

anomalies increasing from 1.0 to 1.5. Concurrently, temperature differences at depths of 70, 110,

and 160 m increase by 0.2 to 0.4 °C in 1990, but recede in 1992 and 1993. From summer 1996

through winter 1998, the temperature anomalies at 70 m again increased by 0.2 to 0.4 °C, but at

110 m, the temperature anomaly receded in the winter of 1997 to 0. I °C between high values of

0.3 °C in 1996 and 0.6 to 0.7 °C from 1997 to 1998. This indicates a significant decrease in

mixed layer density and an increase in stratification after 1989. While the upper halocline

warms, the near-surface temperature elevation above freezing remains nearly constant,

presumably due to surface processes.

These computations indicate that the AIDJEX stations in 1975-76 and SALARGOS buoys

in 1985-89 show the least variation from the EWG climatology at all depths, which is consistent

with the EWG sampling bias in the 1970s. On the other hand, a statistically significant
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fresheningof thenear-surfacesalinityandelevationof theupperhaloclinetemperaturein the

centralBeaufortSeais indicatedbeginningafter 1989,confirmingotherevidencebyMelling

(1998),NewtonandSotirin (1997),andMcPheeetal. (1998).Temperaturesat70and 110m

showasignificantincreaseof 0.7 °Cover theclimatology,while mixedlayerremainsnear

freezing. Thetiming is consistentwith the largeincreasein sea-icemelt reportedby MacDonald

etal. (1999),andcouldbe relatedto thecyclonicArctic Oscillationsealevel pressurepattern

(ThompsonandWallace, 1998)and/orreportedshift in theupperoceancirculationregime

(ProshutinskyandJohnson,1997).Significantfresheninganomaliesat 10m peakin summer

1992andin winter 1997,with themaximumvalueexceeding1.5psuin 1997. Thesepeaks

appearto precedepeaksof anomalouslylow iceconcentrationby aboutoneyear,andalsolag

changesin transportthroughtheBeringStrait(Roachet al., 1995)by about3 years.

8. Discussion and Conclusions

Available sea ice, ocean, and atmospheric surface data have been used in this study to

gain insight into the current state of the Arctic climate system. The synergy of different

geophysical observable in the Arctic region is apparently very strong. The retreat of sea ice from

1996 to 1998 is shown to be coherent with warming episodes in both the atmosphere and the

ocean in the region and with changing wind and pressure patterns. Detailed CTD measurements

one year apart in approximately the same water mass region also shows a freshening and a

warming from 1996 to 1997. This is compatible with more melted ice and warmer temperatures

in 1997 than in 1996, as suggested by the other data sets.

The distributions of open water in the Western Sector and Eastern Sector of the Arctic

have been quantified separately to better understand the ice dynamics and its circulation patterns.
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Theopenwaterdistributionsaresurprisinglyperiodic,with approximatelydecadalvariability

butwith thepeaksin onesectorlaggingthoseof theotherby aboutthreeyears.This suggests

that thevariability is drivenat leastin partby anatmosphericforcinglikely associatedwith the

Arctic OscillationandtheNorthAtlanticOscillation(Mysak, 1999). Suchperiodicvariability is

interruptedonly by thebig anomalieslike thosein 1993andin 1998in theWesternSectorand

in1995in theEasternSector. It is actuallythesebig anomaliesthathavecausedthenegative

trendsin icecoverandpositivetrendsin surfacetemperaturesin the last two decades,especially

becausetheanomaliestendedto behigherandmoreprevalentin the 1990sthanin the 1980s.

Thevalueof havingspatiallydetailedsurfacetemperaturesprovidedby satelliteinfrared

datais apparent.Thesedataenableassessmentof regionaleffectsof warmingandthe spatial

scopeof theanomaliesthat usuallyextendbeyondtheseaicecoverboundaries.A good

exampleis thewarmingphenomenonin 1998,whichmayhavecausedthelargestareaof

exposedwaterin theBeaufortSearegion. Theanomalywasfoundto bevery largeindeedin the

WesternSectorandin North America, but in some other areas, like Russia and the Laptev Sea,

there was actually cooling going on. This is indicative of the complexity of the Arctic climate

system and the difficulty of making accurate interpretations of available climate data.

The changing wind patterns has also been shown to be a factor affecting the ice

variability. The period from 1996 to 1998 shows a change from cyclonic to anti-cyclonic wind

vectors that may have facilitated the formation of large area of open water in the Beaufort Sea

during the period. The large open water area was partly due to mass transport of multiyear ice

from the Western Sector to the Eastern Sector. The anti-cyclonic wind is also the favorable

direction for transporting some of the ice floes to the warmer part of the Arctic Ocean, like
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ChukchiSea,wheretheymelt. Theanti-cyclonicwind alsoforcesdivergenceof seaice from

theland-seaboundarytowardthecentralArctic Basin. The prevailing cyclonic wind also forces

upwelling along the boundary. Because the thermocline in the Arctic Ocean is very shallow, the

wind-driven upwelling can be effective for upward heat flux to the mixed layer. When ice cover

is opened by wind and oceanic current, solar radiation increases and provides a positive feedback

to further reduce ice covering.

The role of the Arctic Ocean on the changing Arctic climate is still poorly understood

because of lack of spatially detailed and comprehensive ocean data. However, available data

show new insights into the state of the ocean during recent years. During the wanning episode in

the Western Arctic from 1996 to 1998, continuous sampling of the water temperature and

salinity in the region was made by IOEB and the results show a warming and a freshening in the

upper part of the water column. Detailed CTD hydrographic measurements in April 1996 and

April 1997 in approximately the same area in the central Beaufort Sea show a shallowing of the

pycnocline from about 80 m to 45 m, a change in salinity of the upper 30 m layer from 30.2 psu

to 29.2 psu while the temperature increased from-1.55 to -1.61 °C. These changes in the ocean

are significant and suggest an important role of the ocean in the changing Arctic environment.

Available historical data from 1957 to the present indeed show that the anomalies in temperature

and salinity in 1997 and 1998 were rather unusual.

This study shows that much of the observed trends in the ice cover and surface

temperatures are caused by big anomalies in surface temperature, ice concentration, wind and

pressure. It is apparent that the anomalies in the 1990s were higher than those of the 1980s.

Underneath these anomalies, however, is a decadal variability in many parameters that appears to
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bedrivenby anatmosphericwavethattakesabout3 yearsto propagatefromtheWestern

Sectorto theEasternSectorof theArctic. Someprofoundchangesmayhavebeenoccurringin

theArctic duringthelastdecadeasaresultof thebig anomalies.Thechanges,however,are

mainly regionalandbasicallynonlinearandit is importantto notethatthenaturaldecadal

variability andthechangingwind patternsareintegralpartsof thevariability. A longerdataset

andmoresophisticatedanalyticaltoolsareneededto improveconfidencein thetrendresults.
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